Objective : The goal of this study was to compare several parameters, including wall shear stress (WSS) and flow pattern, between unruptured and ruptured anterior communicating artery (ACoA) aneurysms using patient-specific aneurysm geometry. Methods : In total, 18 unruptured and 24 ruptured aneurysms were analyzed using computational fluid dynamics (CFD) models. Minimal, average, and maximal wall shear stress were calculated based on CFD simulations. Aneurysm height, ostium diameter, aspect ratio, and area of aneurysm were measured. Aneurysms were classified according to flow complexity (simple or complex) and inflow jet (concentrated or diffused). Statistical analyses were performed to ascertain differences between the aneurysm groups. Results : Average wall shear stress of the ruptured group was greater than that of the unruptured group (9.42% for aneurysm and 10.38% for ostium). The average area of ruptured aneurysms was 31.22% larger than unruptured aneurysms. Simple flow was observed in 14 of 18 (78%) unruptured aneurysms, while all ruptured aneurysms had complex flow (p<0.001). Ruptured aneurysms were more likely to have a concentrated inflow jet (63%), while unruptured aneurysms predominantly had a diffused inflow jet (83%, p=0.004). Conclusion : Ruptured aneurysms tended to have a larger geometric size and greater WSS compared to unruptured aneurysms, but the difference was not statistically significant. Flow complexity and inflow jet were significantly different between unruptured and ruptured ACoA aneurysms.
INTRODUCTION
Sudden rupture of cerebral aneurysms can cause subarachnoid hemorrhage, which is associated with serious morbidity and mortality 11, 27) . Because prediction of aneurysm rupture risk is challenging, researchers have investigated and compared features of unruptured and ruptured aneurysms with hemorrhagic sequelae in order to identify characteristics of a ruptured aneurysm that may permit early detection 7, 29) . In particular, the anterior communicating artery (ACoA) is known to have diverse configurations and complex flow conditions in the anterior circulation. Research on ACoA aneurysms is important because these lesions account for 25% of all cerebral aneurysms, according to previous studies 1, 2, 10) . The precise mechanism of aneurysm rupture is not yet clearly defined 30) , but both morphological 15) and hemodynamic 28) parameters are believed to be associated factors. In one previous study, aneurysm area was only considered as a morphological parameter in the statistical comparison between unruptured and ruptured aneurysm groups, and no statistical difference was shown between the two groups 17) . Other work suggests that additional morphological characteristics, including aspect ratio, should be considered, rather than judging the risk of aneurysm rupture using aneurysm area alone 15, 23) . Several authors have noted that hemodynamic factors such as wall shear stress (WSS) play an important role in the formation, pathogenesis, and rupture of cerebral aneurysms 3, 14, 18, 20) . Because WSS impacts endothelial cell function, understanding WSS is important in determining risk of aneurysm rupture 19, 28) . According to Meng et al.'s study 19) , whether high WSS or low WSS affects the growth and rupture of aneurysms is still controversial. Both high and low WSS have a respective effect on the aneurysm rupture. Impinging jet of flow pattern could be formed through the high WSS of aneurysm, and disturbed flow could be observed with low WSS of aneurysm. However, as the geometry of the aneurysm changes, flow pattern could be also affected. Like the "high-versus-low WSS" controversy, the effect of morphological parameters and hemodynamic factors on aneurysm rupture has been studied respectively 19) . However, their correlations have not been widely investigated. For example, Lu et al. 17) used size of aneurysm and WSS to show the risk of aneurysm rupture between unruptured and ruptured aneurysm groups, but any correlation between the morphological and hemodynamic factors was not suggested. Thus, the purpose of this study was to identify morphological and hemodynamic factors relating to ACoA aneurysms and compare blood flow patterns between unruptured and ruptured groups using a computational fluid dynamics (CFD) model. We examined WSS and flow patterns, such as flow complexity and inflow jet, in unruptured and ruptured aneurysm groups. Statistical correlations between morphological parameters (height, ostium diameter, aspect ratio, and area of aneurysm) and average WSS at the aneurysm were analyzed in relation to the causes and risk of aneurysm rupture.
MATERIALS AND METHODS

Patient selection
ACoA aneurysm, which has a complex flow characteristic, was chosen in the present study. A total of 47 patients with ACoA aneurysms treated at the Chonbuk National University Hospital were included. Between October 2015 and July 2017, 23 unruptured and 24 ruptured ACoA aneurysms were diagnosed with rotational cerebral angiography. Five patients with unruptured aneurysms had a bilateral symmetrical inlet, and they were excluded from the study sample. Thus, the final sample of this study consisted of 18 unruptured and 24 ruptured aneurysms. Among 42 patients, there were 13 patients with daughter sac, 10 patients with lobular contour, and three patients with aneurysmal bleb. The patients in these two aneurysm groups had similar mean ages, 60 for the unruptured aneurysm group and 59 for the ruptured aneurysm group (Table 1 ). All patients were evaluated for the presence of neurovascular diseases or subarachnoid hemorrhage. Institutional Review Board of Chonbuk National University Hospital approved this retrospective study.
Preparation of vascular model
All image acquisitions were made using rotational cerebral angiography (Axiom Artis dBA; Siemens Medical Solutions, Erlangen, German). A source image was obtained from rotational cerebral angiography with a 1.5 degree rotation for 29 frames per second during an 8 second scan. For each patient, 3D rotational angiographic data in DICOM format was converted into a 3D model using Materialise Mimics software (version 20.0; Materialise NV, Leuven, Belgium). We performed a cropping operation to segment the geometric model, and unnecessary branches were removed. All patient-specific models were smoothed prior to making geometric measurements for modeling and analysis.
Morphologic analysis
The height of the aneurysm dome and the ostium diameter were measured using a reconstructed patient-specific 3D model. The maximum length from the center of ostium to the dome of aneurysm was defined as aneurysm height. As suggested from the previous studies, the ostium diameter was obtained using an ostium cross-section, and the longest diameter in the cutting plane was defined as the ostium diameter 23, 26) . The aneurysm height was divided by the ostium diameter to obtain the aspect ratio. The area of the aneurysm was calculated from the surface of the reconstructed aneurysm dome 14, 16, 31) .
Hemodynamic modeling
Patient-specific 3D models were imported into COMSOL Multiphysics (version 5.2a; COMSOL Inc., Burlington, MA, USA) to create a mesh for CFD simulations. COMSOL Multiphysics was used to solve the flow-governing Navier-Stokes equation and the equation of continuity (equations [1] and [2] ). In both equations, u represents the flow velocity. In equation (2), ∂u -∂t indicates the rate of change of velocity with time, ρ denotes the density, p represents the pressure, and µ indicates the fluid viscosity 13) . Equation (1) ∇·u=0
Blood flow was assumed to be laminar. The fluid properties of blood were considered to be incompressible with a density of 1066 kg/m 3 . A constant (Newtonian) dynamic viscosity was used with 0.0035 Pa·s. Because of insufficient information on wall thickness and aneurysm elasticity, the vessel wall was assumed to be rigid with a no-slip condition 8, 21) . Using the aneurysm inlet area for each patient, the same physiologic average flow rate of 2.6 mL/s was used for the inlet boundary condition. Zero pressure was set for the outlet boundary condition, due to the lack of specific blood flow information 12, 21) . Four cardiac cycles were simulated for numeric stability, and the second cycle was used for the results 4) . The CFD results were obtained at end-diastole to clearly show the difference in tendency between unruptured and ruptured aneurysm groups.
Flow pattern analysis
Flow patterns were evaluated for flow complexity and inflow jet. Flow complexity was then classified as either simple or complex depending on the number of recirculation regions. Simple flow complexity was defined as containing only one recirculation region. Complex flow complexity was defined as including two or more recirculation regions 8) . For analysis, the number of unruptured or ruptured aneurysms with either simple or complex flow was counted.
According to the concentration of the inflow jet as it entered the dome of aneurysm, the inflow jet was classified as either concentrated or diffused inflow jet. By definition, a concentrated inflow jet flows directly toward the tip of aneurysm. In contrast, a diffused inflow jet quickly spreads laterally as soon as the blood flow enters the aneurysm dome and flows along the wall of aneurysm 4) . For statistical comparison, the numbers of aneurysms in the unruptured and ruptured groups with either diffused or concentrated inflow jet were counted.
Statistical analyses
The minimal, average, and maximal WSS for both aneurysm and ostium were calculated ( Table 2 ). The independent two-sample test was used for normal distribution variables to the differences between simple and complex flow parameters of the two groups. The inflow jet was statistically analyzed for differences between unruptured and ruptured aneurysms. If the p value was less than 0.05, the results were considered statistically significant.
RESULTS
Morphological comparison between unruptured and ruptured aneurysms
In Table 1 , the observed morphological characteristics of the unruptured and ruptured aneurysm groups are shown. In general, the measured parameters had slightly higher values in the ruptured aneurysm group. The mean height of the unruptured aneurysm group was 12.26% smaller than that of the ruptured aneurysm group. In addition, the mean area of the ruptured aneurysms was 31.22% greater than that of unruptured aneurysms. Although, mean values of height, ostium diameter, aspect ratio, and aneurysm area tended to show differences between unruptured and ruptured groups, none of the differences achieved statistical significance.
In Figs. 1 and 2 , the WSS distributions for 18 unruptured and 24 ruptured aneurysms at end-diastole are shown. The shape and size parameters of the 18 unruptured aneurysm domes were variable (Fig. 1) . Similarly, the shape and size of 24 ruptured aneurysm domes were also diverse (Fig. 2) .
WSS distributions
WSS values for both unruptured and ruptured aneurysm groups at end-diastole are represented with a scale bar which ranged from 0 to 3 Pa (Figs. 1 and 2 ). There was a tendency for aneurysms to have lower WSS values than arteries. In aneurysms, decreased WSS was focused at the tip or distributed around the entire dome. For example, decreased WSS was observed at the tip of the aneurysms: unruptured aneurysm No. 9 and ruptured aneurysm No. 35. In contrast, decreased WSS was found over the entire aneurysm dome in several instances: unruptured aneurysms Nos. 3 and 5, and ruptured aneurysms Nos. 24, 28, and 42. When unruptured and ruptured aneurysms were compared, unruptured aneurysms had a smooth and regular shape, whereas ruptured aneurysms had irregular shapes. Moreover, decreased WSS appeared at irregular regions of ruptured aneurysms, Nos. 29 and 38.
Quantitative comparison of WSS values
Minimal, average, and maximal WSS values were obtained to quantitatively compare the difference between unruptured and ruptured aneurysms. Minimal WSS was defined as the smallest value observed during the cardiac cycle, and maximal WSS was defined as the greatest value noted during the cardiac cycle. The average WSS was obtained as the mean value noted during the cardiac cycle. WSS values for both aneurysm groups are shown in Table 2 . Overall, the minimal, average, and maximal WSS values of the ruptured group were higher Values are presented as mean±standard deviation than those of the unruptured group for both aneurysm and ostium measurements. At the aneurysm, the mean of minimal WSS values of the ruptured aneurysm group was 9.53% higher than that of the unruptured aneurysm group. Similarly, at the aneurysm, the mean of the average WSS of the ruptured aneurysm group was 9.42% higher than that of the unruptured aneurysm group. In the ruptured group, the mean of the maximal WSS was 11.12% higher than the unruptured group. However, the differences between the unruptured and ruptured groups for minimal, average, and maximal WSS values were not statistically significant.
At the ostium, average WSS was used to quantitatively compare WSS values between unruptured and ruptured groups. The average WSS at the ostium was obtained by calculating the WSS along the circumferential wall of aneurysm neck. The mean of minimal WSS values of the ruptured aneurysm group was 7.34% greater than values of the unruptured aneurysm group. The mean of average WSS values of the ruptured aneurysm group was 10.38% greater than the values of the unruptured aneurysm group. The mean of the maximal WSS value was 7.93% greater in the ruptured aneurysm group. None of these differences were found to be statistically significant. Fig. 3 shows the interaction between hemodynamic and morphological parameters. We used the average WSS to indicate the overall trend of hemodynamic changes, and it was correlated with morphological factors. With the exception of the aspect ratio, morphological factors tended to show an increase as the average WSS decreased. However, as a result of linear regression analysis, this tendency was not statistically significant. For example, no correlation between average WSS and ostium diameter was observed in unruptured (r=-0.271 and r 2 =0.015) or ruptured aneurysms (r=-0.308 and r 2 =0.053) (Fig. 3B ).
Morphological factors versus average WSS at aneurysms
Flow patterns
We counted the number of aneurysms exhibiting each flow pattern, and the statistical results of our flow complexity and inflow jet analysis are shown in Table 3 . Of the 18 unruptured aneurysms, 14 aneurysms (78%) exhibited a simple flow, and four aneurysms showed a complex flow. All ruptured aneurysms showed a complex flow. Two examples are shown for each flow complexity in Fig. 4 , which also shows the flow streamline and velocity profile. The velocity of unruptured and ruptured aneurysms at end-diastole was represented with a scale bar ranged from 0 to 0.6 m/s. The point where the recirculation occurred was indicated with an arrow.
In Table 3 , the numbers of aneurysms with either diffused or concentrated inflow jet were summarized. For unruptured aneurysms, 15 of 18 aneurysms (83%) showed diffused inflow, and the remaining three aneurysms showed a concentrated inflow jet. In contrast, 15 of 24 ruptured aneurysms (62%) showed a concentrated inflow jet. In Fig. 5 , two examples of each inflow jet at end-diastole are shown using the velocity profile (ranged from 0 to 0.6 m/s) with the flow streamline. The examples of unruptured aneurysms with diffused inflow jet were shown as aneurysm E and F, and the examples of ruptured aneurysms with concentrated inflow jet were indicated as aneurysm G and H. Our analysis on flow complexity and inflow jet between two aneurysm groups revealed statistically significant differences with p<0.001 and p=0.004, respectively. Table 3 also shows the χ 2 values which supported the significant differences between the two groups. 
DISCUSSION
Due to the variety of cerebral aneurysms and lack of information on aneurysm formation, there is limited understanding regarding the process of aneurysm pathogenesis 12) . In this study, we examined hemodynamic, morphological, and flow patterns between unruptured and ruptured ACoA aneurysms. There are four major findings of the present study. First, ruptured aneurysms tended to have higher WSS than unruptured aneurysms, although statistical significance was not reached. Second, ruptured aneurysms tended to have larger geometric size compared to unruptured aneurysms, although the differences did not achieve statistical significance. Third, no statistical correlation between the hemodynamic factor of WSS and various morphological factors was observed. Lastly, unruptured and ruptured aneurysms had significantly different flow complexity and inflow jet values.
Higher WSS for ruptured aneurysms
WSS is known to act parallel to the vessel wall and induces molecular biological responses. In addition, WSS is closely related to the formation of cerebral aneurysms by inducing deterioration of the blood vessel wall 22) . In this study, we compared the WSS between unruptured and ruptured aneurysms and found that domes of ruptured aneurysms tended to have higher minimal, average, and maximal WSS in comparison to domes of unruptured aneurysms (Table 2) . A trend toward higher WSS was also observed at the ostium level in ruptured aneurysms compared to unruptured aneurysms. The mean values of WSS of ruptured aneurysms tended to be greater than those of unruptured aneurysms, but the differences were not statistically significant. We theorized that the lack of statistical significance was due to the small group size in our study.
Whether ruptured aneurysms have increased or decreased WSS in comparison to unruptured aneurysms still remains . Several previous studies have suggested that a ruptured aneurysm is associated with higher mean WSS 2, 15) , and that a region with maximal WSS appears around the point where the aneurysm rupture occurs 24) . Chien et al. 5) found that ruptured aneurysms had significantly higher WSS in the aneurysm sac compared to unruptured aneurysms. We conclude that further studies using larger groups are required to confirm the hypothesis that ruptured aneurysms have increased WSS compared to unruptured aneurysms.
Morphological and hemodynamic factors in aneurysm rupture
From previous work, WSS and aneurysm size ratio are known to be closely related. Xiang et al. 28) found that as the size ratio increases, the decreased WSS region becomes larger. Moreover, the flow pattern becomes more complex as the size ratio increases. In the present study, four morphological factors (height, ostium diameter, aspect ratio, and area of aneurysm) and the hemodynamic factor of average WSS at the aneurysm were measured to analyze the correlation between morphological and hemodynamic features. Although overall tendencies were observed, no statistical correlations were found (Fig. 3) . According to our previous research on posterior communicating artery aneurysms, for ruptured aneurysms, the smallest aneurysm size had the highest WSS, and the lowest WSS was found in the largest ruptured aneurysm. Although the anatomic location was different, the present study of ruptured ACoA aneurysms showed the same pattern of WSS in relation to aneurysm size. The largest ruptured aneurysm (291.60 mm However, in the present study, the results of WSS were not statistically significant due to insufficient number of patients. Although there is a possibility that statistically insignificant results of morphological factors may have affected the insignificance of CFD results, there are a number of studies that explain no correlation between the significance of morphological factors and CFD results. For example, Xu et al. 30) compared morphological and hemodynamic factors between unruptured and ruptured aneurysm groups. In morphological comparison, the difference between two groups was not statistically significant. However, in hemodynamic comparison, the difference between two groups was statistically significant 30) . Therefore, it might be concluded that hemodynamic factors are independent of the morphological factors.
Flow patterns in aneurysms
Flow pattern, such as flow complexity, is known to be one of the most important risk factors in aneurysm rupture. Previous CFD studies have examined parameters such as stability, complexity of flow pattern, impingement region, and concentrated inflow jet in attempts to determine the risk of aneurysm rupture 2, 4, 8) . Sforza et al. 25) was able to examine images of aneurysms just one hour before they ruptured and found that the ruptured aneurysms were closely associated with complex flow and a concentrated inflow jet. Xiang et al. 28) confirmed that ruptured aneurysms had a more complex flow and more recirculation zones than unruptured aneurysms. Fukazawa et al. 8) also showed that a recirculation zone with low velocity was found near the rupture point where the decreased WSS was observed. In the present study, two or three recirculation zones were found at the ruptured aneurysm. As shown in Fig. 4 , the point of occurrence was as follows : 1) the tip of the aneurysm where reduced WSS occurs, 2) the center of the aneurysm dome, and 3) the ostium. We found that a ruptured aneurysm was more likely to have complex flow and a concentrated inflow jet.
In our study, all 24 ruptured aneurysms had complex flow, but unruptured aneurysms could have either simple flow (14 of 18) or complex flow (4 of 18). Even though complex flow and concentrated inflow jet are the main characteristics of the ruptured group, these features also might be found in the unruptured group, as shown in Table 3 . Because there is a possibility that unruptured aneurysms can rupture, it is not strange that unruptured aneurysms have features of ruptured aneurysms. One previous author has shown, however, that compared to the complex flow of a ruptured aneurysm, the recirculation zone of an unruptured aneurysm was smaller and had a less dense inflow jet 4) . The flow pattern was also classified according to the morphological characteristics (daughter sac, lobular contour, and aneurysmal bleb). In particular, complex flow was significantly observed in daughter sac (p=0.011). The concentrated and diffused inflow jet showed no significant difference. We conclude that further studies are required to elucidate the primary cause and possible mechanisms of flow patterns related to an-https://doi.org/10.3340/jkns.2018.0155 eurysm rupture and morphological characteristics.
Consideration during CFD analyses
This study had some limitations. First, when measuring the morphological factors, a deviation might occur depending on how the 3D geometry model is rotated. Therefore, the measurements of height of aneurysm and ostium diameter may have caused deviations in calculating aspect ratio, which might have resulted in statistically insignificant differences between unruptured and ruptured aneurysms. Second, although 3D rotational angiography was used to accurately obtain the shape of Acom aneurysms, only dominant A1 flow images could be obtained. The bilateral flow, the characteristics of Acom aneurysm, could not be reflected in 3D image. Third, patient-specific geometry was used for the analyses, but patient-specific boundary conditions were not used in the study because obtaining boundary conditions, i.e., flow velocity, flow rate, or inlet and outlet pressure, for each patient was difficult due to the ACoA location. This difference might have caused a deviation in the analysis results. Moreover, patientspecific flow rate could not be obtained because the patients with ruptured aneurysms were in emergency situations. Fourth, the CFD simulations were analyzed based on the assumption that blood behaves as Newtonian flow. Due to a linear relationship between shear stress and shear rate, Newtonian blood flow has a constant viscosity value. In contrast, non-Newtonian blood is a shear-thinning f luid, in which blood viscosity varies depending on shear rate 6, 9) . Thus, flow analyses should have been done using patient-specific, nonNewtonian blood viscosity. In future research, patient-specific CFD simulations will be analyzed using non-Newtonian viscosities obtained for each patient. Lastly, there was no statistically significant association between average WSS and any of the morphological parameters, which we postulate is due to the small number of patients in our study. Further studies are needed to see if the trends noted in this comparison can reach significance with larger groups. However, as shown in Table 3 , highly significant differences between unruptured and ruptured aneurysm groups were noted for both flow complexity and inflow jet.
CONCLUSION
Ruptured aneurysm had higher average WSS and larger geometric size of an aneurysm in this study. However, a comparison between average WSS and morphological parameters, including height, ostium diameter, aspect ratio, and area of aneurysm, did not achieve statistical significance. Our analysis of flow pattern has shown that ruptured aneurysms had complex flow and concentrated inflow jet, whereas unruptured aneurysms tended to have simple flow and a diffused inflow jet.
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